Infectious molecular clones have been isolated from two maedi-visna virus (MVV) strains, one of which (KV1772kv72/67) is an antigenic escape mutant of the other (LV1-1KS1). To map the type-specific neutralization epitope, we constructed viruses containing chimeric envelope genes by using KV1772kv72/67 as a backbone and replacing various parts of the envelope gene with equivalent sequences from LV1-1KS1. The neutralization phenotype was found to map to a region in the envelope gene containing two deletions and four amino acid changes within 39 amino acids (positions 559 to 597 of Env). Serum obtained from a lamb infected with a chimeric virus, VR1, containing only the 39 amino acids from LV1-1KS1 in the KV1772kv72/67 backbone neutralized LV1-1KS1 but not KV1772kv72/67. The region in the envelope gene that we had thus shown to be involved in escape from neutralization was cloned into pGEX-3X expression vectors, and the resulting fusion peptides from both molecular clones were tested in immunoblots for reactivity with the KV1772kv72/67 and VR1 type-specific antisera. The type-specific KV1772kv72/67 antiserum reacted only with the fusion peptide from KV1772kv72/67 and not with that from LV1-1KS1, and the type-specific VR1 antiserum reacted only with the fusion peptide from LV1-1KS1 and not with that from KV1772kv72/67. Pepscan analysis showed that the region contained two linear epitopes, one of which was specific to each of the molecularly cloned viruses. This linear epitope was not bound by all type-specific neutralizing antisera, however, which indicates that it is not by itself the neutralization epitope but may be a part of it. These findings show that mutations within amino acids 559 to 597 in the envelope gene of MVV virus result in escape from neutralization. Furthermore, the region contains one or more parts of a discontinuous neutralization epitope.
Maedi-visna virus (MVV) is a member of the lentivirus subgroup of retroviruses (40, 41) . This virus causes slowly progressive diseases that affect mainly the central nervous system and the lungs of sheep (reviewed in reference 14) . The primary target cells of MVV infection are cells of the monocyte/macrophage lineage, and virus gene expression is activated upon macrophage maturation (12, 28) . In MVV infection, type-specific neutralizing antibodies appear after 1 to 6 months, and in most sheep other more broadly neutralizing antibodies appear up to 3 years later. A similar pattern has been found in human immunodeficiency virus (HIV) infection. Domains in the envelope glycoprotein that induce virus-neutralizing antibodies in HIV-1 infection have been well characterized (16, 20, 25, 45, 48) . The type-specific antibodies which arise shortly after infection are directed mainly against the V3 loop (29, 33) .
The ability of viruses to escape neutralization has been described for various lentivirus systems. There have been several reports on the emergence of HIV-1 neutralization escape mutants, both in vitro and in vivo (1, 10, 23) . Most of these escape mutants have mutations that map in the V3 loop (10, 26, 51) . The major neutralizing epitopes in simian immunodeficiency virus (SIV) are thought to be conformational or discontinuous, and it has been shown that the V3-corresponding region of SIVmac does not serve as a target of neutralizing antibodies (18) . Neutralization-resistant variants of SIV have been mapped in the V4 region of the SIV envelope glycoprotein (7, 19) . In feline immunodeficiency virus (FIV), a single amino acid substitution in V5 of the envelope protein allows escape from virus neutralization (38) .
Many studies have demonstrated the occurrence of neutralization-resistant mutants during long-term MVV infection of sheep (17, 21, 27, 46) . The characterization of these mutants was, however, hampered by the lack of molecular clones. In this study we have used two molecular clones of MVV which elicit a different neutralization response. The two molecular clones, KV1772kv72/67 and LV1-1KS1, differ by 22 amino acids, and there are two deletions in the envelope gene in strain KV1772kv72/67 (3, 44) .
To identify the type-specific neutralization epitope, we constructed recombinant viruses in which env sequences of strain KV1772kv72/67 were replaced by those of strain LV1-1KS1. The neutralization phenotype was transferred with a fragment from the envelope gene containing two deletions and four amino acid changes within 39 amino acids (aa 559 to 597).
MATERIALS AND METHODS
Virus, cells, and sera. The molecularly cloned virus KV1772kv72/67 is derived from visna virus KV1772, which was selected for neurovirulence by serial passage of strain K1514 in sheep (13, 22) . The molecularly cloned virus LV1-1KS1 was reported to be derived from K1514 (44), but sequencing data from a number of virus isolates indicates that it is most closely related to K796, a virus appearing early in the lineage of visna virus strains (see Fig. 2 ).
Sheep choroid plexus (SCP) cells established as described previously (31, 42) were grown at 37°C in a humidified atmosphere of 5% CO 2 in Dulbecco's minimal essential medium (Gibco) supplemented with 2 mM glutamine, 100 IU of penicillin per ml, 100 IU of streptomycin per ml and either 10% normal lamb serum (growth medium) or 1% lamb serum (maintenance medium). Macrophage cultures were established as follows. Heparinized blood (100 ml) was collected from normal sheep, and peripheral blood mononuclear cells obtained by sedimentation on Histopaque-1077 (Sigma) were washed repeatedly in phosphate-buffered saline and resuspended at 12 ϫ 10 6 cells/ml in growth medium supplemented with 5 ϫ 10 Ϫ5 M mercaptoethanol. They were then seeded into plastic four-chamber (1-ml) tissue culture slides (180 mm 2 ; Permanox, Nunc Inc.) or into 24-well plates. After incubation at 37°C in a humidified atmosphere of 5% CO 2 for 24 h, supernatant and unattached cells were removed, the slide was washed twice with phosphate-buffered saline, and 1 ml of new growth medium was added to each chamber. Adherent cells were further incubated for at least 7 days before they were infected.
Transfections were performed by using subconfluent monolayers of ovine fetal synovial (FOS) cells. DNA was transfected with Lipofectamine as specified by the manufacturer (Life Sciences, Inc.). Transfected FOS cells were passaged (1:3 split) and incubated in maintenance medium until syncytia appeared (5 to 8 days). Supernatants from transfected cells were also tested for the presence of reverse transcriptase (RT) activity before passage into SCP cells.
The sera used for immunoblots and pepscan were the following: serum 21372 from sheep 1923 after 26 weeks of infection with KV1772kv72/67, serum 21160 from sheep 1923 preinfection, serum 20494 from sheep 1896 after 8 weeks of infection with KV1772kv72/67 (this serum neutralized KV1772kv72/67 at a titer of 2,048 to 4,096 but did not neutralize LV1-1KS1), serum 20464 from sheep 1896 preinfection, serum 22156 from sheep 1998 after 16 weeks of infection with VR1, and serum 22077 from sheep 1998 preinfection. The KV1772kv72/67 typespecific antiserum used for neutralization was serum 20494 from sheep 1896.
RT assay. Viral particles from 0.5 ml of cell-free supernatants from infected cells were pelleted at 70,000 rpm for 10 min in a Beckman TLA 100.4 rotor. RT activity was determined as described previously (49) .
Virus neutralization test. Virus (100 50% tissue culture infective doses [TCID 50 ]) was mixed with serial twofold dilutions of serum in DMEM with 2% lamb serum. The samples were incubated at room temperature for 24 h and then inoculated in quadruplicate onto monolayers of SCP cells in 96-well tissue culture plates (Nunc) and kept at 37°C in a humidified atmosphere of 5% CO 2 . Cytopathic effect was monitored after 7, 14, 21, and 28 days. The neutralization titer was calculated as the reciprocal of the serum dilution which caused complete neutralization in 50% of inoculated cultures. In macrophages, neutralization was assayed by infecting 24-well plates containing blood-derived macrophages with 100 TCID 50 of virus mixed with twofold dilutions of serum, four wells for each dilution. Growth was monitored by measuring RT activity in parallel cultures without antiserum; at two time points at maximum RT activity, all the samples were assayed for RT.
Generation of a clone containing chimeric env gene. The construction of chimeric molecular clone VR1 is schematically presented in Fig. 1 . The 5Ј sector of KV1772kv72/67 in Bluescript II (Stratagene), called p8XSp5, was used in the first subcloning step. This clone contains an XbaI fragment of the KV1772kv72/67 visna virus clone, including 1.5 kb of cellular flanking sequences and the 5Ј long terminal repeat through nucleotide (nt) 7768 (4) (Fig. 1A) . This plasmid contains a unique StuI site in the cellular flanking sequence about 700 nt upstream from the 5Ј long terminal repeat. The StuI-and XbaI-generated frag- 
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on September 8, 2017 by guest http://jvi.asm.org/ ment was subcloned into HincII-and XbaI-digested BluescriptII to eliminate the HincII site. This clone was named p8XSp5-RK1 (Fig. 1B) , and from it a HincII (nt 6393)-XbaI (nt 7768) fragment was generated and subcloned into HincII-and XbaI-digested pUC19 (pRK2). PCR was performed to amplify the segment from the LV1-1KS1 clone containing a StyI (nt 7614) site and an XbaI (nt 7768) site. The amplified fragment was digested with StyI and XbaI, and the 154-bp fragment was isolated on 4% MetaPhor agarose (FMC BioProducts) and subcloned into StyI-and XbaI-digested pUC19 clone pRK2 to generate subclone pRK3. From this clone, the HincII-XbaI fragment was excised and subcloned into HincII-and XbaI-digested p8XSp5-RK1, to construct a chimeric kv72 clone with an LV1-1KS1 StyI-XbaI fragment (pRK4) (Fig. 1C ). This clone was mixed in equimolar quantities with the 3Ј clone of KV1772kv72/67 in BluescriptII, called p67r (4), digested with XbaI, and ligated. The full-length viral DNA with a chimeric env gene, named VR1, was transfected into FOS cells as described above. When RT activity could be measured (5 to 8 days), culture supernatant was transferred to SCP cells, virus progeny were collected, and proviral DNA was PCR amplified with env-specific primers, which were biotinylated to allow direct solid-phase sequencing (Dynal) to confirm the origin of the virus. Intermediate clone constructs were also confirmed by sequence analysis. The clones VB1, VB5, and VR2 were constructed in a similar way by using the restriction sites indicated in Fig. 4 .
Construction of pGEX-3X-GST fusion peptide expression vectors.
The env gene fragment between nt 7499 and 7793 from clones LV1-1KS1 and KV1772kv72/67 was amplified by 30 cycles of PCR with the following thermal profile: denaturing at 94°C for 30 s, annealing at 55°C for 15 s, and extension at 72°C for 90 s. The forward primer was 5ЈGCGGGATCCAAAATAGCACCAT AACAGGAA3Ј, and the reverse primer was 5ЈCCGGAATTCTGGTATCGYT GCACYAACAT3Ј. The primers provide BamHI and EcoRI cloning sites (underlined) for cloning the KV1772kv72/67 and LV1-1KS1 PCR products in frame with glutathione S-transferase (GST) of the pGEX-3X expression vector. The presence of correct inserts was confirmed by sequence analysis. Expression of GST fusion peptides followed standard procedures (4).
Immunoblotting. Immunoblotting was performed with the Mini-proteanII system (Bio-Rad) as specified by the manufacturer. Dilutions of fusion peptides were boiled, diluted 1:1 in Laemmli sample buffer (125 mM Tris buffer supplemented with 5% mercaptoethanol and 2% sodium dodecyl sulfate [SDS] [pH 6.8]) and separated by SDS-polyacrylamide gel electrophoresis. Half of the gels were used for silver staining (Bio-Rad) to determine the sizes and amounts of peptides, and half were transferred to a nitrocellulose membrane in 25 mM Tris glycine buffer (pH 8.8) containing 20% methanol. Transfer of the fusion peptides was carried out for 60 min at 200 V and 1.2 mA/cm 2 in a Milliblot graphite electroblotter I (Millipore). After the transfer, the nitrocellulose membranes were blocked for 1 h at room temperature with 0.1 M Tris-HCl-buffered saline (pH 7.8) containing 0.5% Tween 20. The sera and conjugate were diluted in 0.1 M Tris-HCl-buffered saline (pH 7.8) containing 0.1% Tween 20 (TBS-T). After the blocking step, the nitrocellulose membranes were washed once with TBS-T and incubated overnight at 4°C on a roller with serum samples at a dilution 1/500. Rabbit anti-goat immunoglobulin G conjugated to horseradish peroxidase (Sigma A4174) at a dilution of 1/10,000 was added for 1 h at room temperature. The blots were washed extensively in TBS-T between each step. The enhanced chemiluminescence system from Amersham was used for developing the blots.
Pepscan analysis. Peptides were synthesized on polyethylene rods and tested for their reactivity with antisera in an enzyme-linked immunosorbent assay by established procedures (15) . Twelve-mer peptides were synthesized and tested for reactivity to the sera at a 1:250 dilution.
RESULTS

Generation of chimeric virus.
The two molecular clones used in this study both have their origin in a transmission experiment where virus was passaged serially through tissue culture and sheep (Fig. 2) . The LV1-1KS1 clone was derived from strain K796, but the KV1772kv72/67 molecular clone is a derivative of strain K1772, a descendant of strain K1010, which is a neutralization escape mutant of strain K796 (17) . The molecularly cloned viruses retained the neutralization phenotypes of their parental strains. The envelope proteins derived from the two molecular clones differ by 22 amino acids and two deletions of 5 and 1 amino acids (Fig. 3) . For mapping the type-specific neutralization epitope, four recombinants were constructed by using restriction fragments from the env gene of LV1-1KS1 with KV1772kv72/67 as a backbone. All recombinant viruses were tested for neutralization by KV1772kv72/67 type-specific antiserum (Fig. 4) . The KV1772kv72/67 type-specific antiserum neutralized the KV1772kv72/67 virus very efficiently at a dilution of 1:2,048, whereas it did not neutralize LV1-1KS1 at a dilution of 1:8. The XbaI-SacI region of the envelope gene comprising the carboxyl end of SU and the TM protein did not affect neutralization (recombinant VB5), and although sequences in front of the StyI site at nt 7613 influenced the neutralization (recombinant VR2), mutations in the region between StyI at nt 7613 and XbaI at nt 7768 were necessary and sufficient to abolish neutralization (recombinants VB1 and VR1). Infection of lambs with the chimeric virus. Two lambs (animals 1997 and 1998) were infected intracerebrally with the recombinant virus VR1. Both lambs became infected, as evidenced by frequent virus isolations and strong antibody responses to the virus. Both lambs seroconverted within 6 weeks, and one of the lambs (animal 1998) acquired a high titer of neutralizing antibodies to the inoculated virus. Serum was collected biweekly for the first 8 weeks, and every 4 weeks thereafter until sacrifice at 28 weeks postinfection. The two parental virus strains and the recombinant virus were tested for neutralization by antiserum obtained from lamb 1998. Neutralizing antibodies against the infecting virus, VR1, appeared after 6 weeks, and its level stayed high till the end of the experiment. LV1-1KS1 was neutralized almost to the same extent as VR1, whereas KV1772kv72/67 was not neutralized (Fig. 5) . We have thus shown that the specific neutralization phenotype resides in one or more of the four substitutions and two deletions that were transferred.
Growth of chimeric virus in macrophages. The progeny of the molecular clone LV1-1KS1 grow less efficiently in macrophages than do the progeny of the molecular clone KV1772kv72/67 (47) . We tested the growth of the chimeric virus in macrophages to test whether there was a linkage between macrophage tropism and neutralization specificity. Figure 6 shows the growth curves of the two parent strains and the chimeric virus in macrophages. The impaired replication of strain LV1-1KS1 in macrophages was not transferred with the 39-amino-acid fragment.
Neutralization of macrophage-grown virus with type-specific antiserum. The neutralization specificity of the antisera was routinely determined by using SCP cells as a host system. However, macrophages are considered to be the natural target cells for MVV. We therefore tested the specificity of the antisera on viruses grown in macrophages. The virus strains KV1772kv72/67 and VR1 were passed twice in macrophages, and neutralization assays were carried out with serial twofold dilutions of antiserum obtained from sheep infected with VR1. The VR1 antiserum neutralized the infecting strain up to a dilution of 4,000 to 8,000 in macrophages as well as in SCP cells. Strain KV1772kv72/67 was not neutralized (Fig. 7) .
Reactivity of MVV-specific antisera to GST fusion peptides derived from the two molecular clones, KV1772kv72/67 and LV1-1KS1. A 293-bp stretch from both parental strains, covering the region where the neutralization epitope mapped, was cloned in a pGEX3X expression vector (the region is indicated in Fig. 8 ). The production of fusion peptides was examined by silver staining of SDS-polyacrylamide gels and by using rabbit antiserum to GST on Western blots. Low levels of fusion peptides were obtained, and these proved to be quite unstable. Expression of a 38.5-kDa peptide, consistent with the pre- dicted size, was observed, as was a series of partial proteolytic fragments. The KV1772kv72/67 and LV1-1KS1 fusion peptides can be distinguished by their size, since the KV1772kv72/67 fusion peptide is 6 amino acids (approximately 5%) smaller (Fig. 9A) . Antiserum from a sheep infected with KV1772kv72/67 reacted with the fusion peptide from KV1772kv72/67 in immunoblots, whereas it did not bind to the LV1-1KS1 fusion peptide. With a VR1 type-specific antiserum, which neutralized LV1-1KS1 and VR1 but not KV1772kv72/ 67, the reverse was true. This antiserum bound to the LV1-1KS1 fusion peptide but only weakly to KV1772kv72/67 ( Fig.  9B and C) . No reaction was seen with preinfection sera (data not shown). The region in the Env glycoproteins defined by these peptides thus contains B-cell epitopes that are differentially recognized by type-specific antisera.
The fusion peptides were also reacted with antiserum from a sheep that was infected with strain KV1772kv72/67 and had developed a strong neutralization antibody response by 8 weeks after infection. This antiserum showed only a very faint reaction to the KV1772kv72/67 fusion peptide (Fig. 9D) . It therefore appears that the species-specific linear epitope(s) in this region is not identical to the neutralization epitope.
A pepscan analysis clarified these results further. Twelvemer peptides with an overlapping sequence of 11 amino acids were synthesized. The amino acid sequences of the peptides corresponded to the region covered by the two fusion peptides, starting with peptides TTMWNIYQNCSK and TTMWNI YQNCSR for LV1-1KS1 and KV1772kv72/67, respectively (starting at aa 529 [ Fig. 8]) . The 12-mer peptides were analyzed for reactivity with the sera used for the Western blots. Serum from the sheep infected with the chimeric virus VR1 revealed two linear epitopes on the LV1-1KS1 peptide, with the core sequences TVNDLK and KGSRR (Fig. 10) . The corresponding sequences of the KV1772kv72/67 peptide were TVNNLK and KSQR, respectively. The latter of these epitopes was not recognized on the KV1772kv72/67 peptide; it differs from that of the other strain by one amino acid substitution and a deletion of one amino acid. Type-specific antiserum against KV1772kv72/67 recognized the former epitope on the KV1772kv72/67 peptide but not on the LV1-1KS1 peptide. The sheep had not developed antibodies against the latter epitope, however. When the 8-week antiserum with the high neutralization titer against KV1772kv72/67 was tested, there was no reaction to either of the epitopes (Fig. 10) . These results indicate that although there are at least two linear epitopes in the region, none of them is by itself the neutralization epitope but may be a part of it.
DISCUSSION
We have demonstrated that mutations in the region between amino acids 559 and 597 in the outer envelope glycoprotein gene of MVV result in escape from neutralization and creation of a new type of neutralization specificity. This is a variable region in the MVV SU glycoprotein (2, 35) in an analogous position to V4-V5 in SIV and in FIV (30) . Western blots with GST fusion peptides of this region from two virus strains with different neutralization specificities and pepscan analysis revealed two linear epitopes in this region, which were differentially recognized by type-specific antisera. The absence of antibodies to these epitopes in a sheep that mounted a very strong type-specific neutralizing response indicates, however, that neither of the linear epitopes is by itself the neutralization epitope. It is more likely that one or both of the linear epitopes are part of a discontinuous neutralization epitope. This conclusion is supported by the fact that when this region was sequenced in 10 viral isolates that were antigenic variants, 7 of them had mutations in either of the linear epitopes, in addition to a few that were mutated in a potential glycosylation site (2a) . We propose that a disulfide bond between two conserved cysteines is formed. This would bring the two linear epitopes into proximity (Fig. 11) . We have found two antigenic variants that have one of the cysteines mutated; one of these strains shows impaired growth in macrophages, and the growth rate of the other has not been tested (2a) . This is further evidence for the importance of the cysteine in the spatial structure of the protein. These cysteines are widely conserved in maedi-visna virus strains (3, 6, 32, 35, 43, 44) and also in caprine arthritis-encephalitis virus CAEV (34) .
This cysteine loop, which is in the fourth variable region in the envelope gene of MVV, V4 (34, 35) , may have an analogous function to V3 in HIV-1. The V3 loop of HIV-1 gp120 is the major target for neutralizing antibodies (33) , and it is also a recognition site for coreceptors and a determinant of viral cell tropism (9, 11, 24) . In FIV, the neutralization domain also seems to determine cell tropism (50) . Virus derived from one of the molecular clones used in this study, LV1-1KS1, grow poorly in macrophages but very efficiently in SCP cells (47) . For this particular clone of MVV, however, the change in cell tropism is not related to neutralization, since the poor growth in macrophages was not transferred with the fragment that contained the part of the discontinuous neutralization epitope we have mapped in this study, nor was it transferred with any part of the MVV gp135 (16a) .
Several studies have shown that the neutralization sensitivity of lentivirus antisera often is dependent on the cell type used to propagate the virus (5, 8, 36, 52) . The mechanism for this is unclear; in some cases several passages in the cell type are needed for adaptation of the virus, and mutations are probably involved, whereas in other cases, cell-type-specific neutralization characteristics are established within a few passages and are reversible (36) . We routinely use SCP cells to propagate the virus and for neutralization tests. These cells are fibroblastlike cells from the choroid plexus of sheep and are very efficient for propagating the virus. Macrophages are, however, the target cells for MVV in vivo. Our finding that the neutralization specificity was retained when we used macrophages as host cells indicates that SCP cells are valid for assessing the neutralization specificity.
Our results can best be explained by a discontinuous neutralization epitope being located, at least in part, in the V4 region of the MVV env gene. Other regions of the env gene may also contribute to the neutralization phenotype. Although the changes in the StyI-XbaI fragment (nt 7613 to 7768) were necessary and sufficient to abolish neutralization and create a new neutralization phenotype, amino acid changes in front of this region also affected neutralization (Fig. 4) . Furthermore, when antiserum to the recombinant virus containing this StyIXbaI fragment from LV1-1KS1 in the KV1772kv72/67 backbone was tested, the titer against the input recombinant virus was consistently 1 to 3 dilutions higher than that for LV1-1KS1 (Fig. 5) , indicating that the neutralization epitope on the recombinant virus was not completely identical to the epitope on LV1-1KS1. This is further evidence for the discontinuous nature of the epitope. Discontinuous neutralization epitopes appear to be common in other lentiviruses. Although neutralizing activity can be induced by synthetic linear peptides from the V3 loop in HIV-1 (29) , the initial type-specific neutralizing antibodies in HIV-1 infection are directed mainly against a discontinuous epitope in the V3 loop (25, 37) . Also, in SIV and FIV, antigenic variants are found to map in discontinuous epitopes in the V4-V5 region (7, 18, 19, 39) . The cellular receptor(s) for MVV has not been determined, but by analogy to HIV-1, it is reasonable to suggest that the V4 region defines a binding site for a cellular receptor or a coreceptor for MVV.
It is clear from the results presented in this study that the V4 region of MVV is an important determinant for infection. Further analysis of this region should lead to an elucidation of its role in virus entry.
